The influence of homologous high density lipoprotein (HDL) and low density lipoprotein (LDL) and of whole hypercholesterolemic serum on the esterification of oleic acid and cholesterol was studied in rhesus monkey arterial smooth muscle cells. Whole hypercholesterolemic serum and isolated LDL stimulated cholesterol esterification as much as 10-fold using either cholesterol-1,2-3 H or oleate-l-14 C as substrate. At the same concentrations of cholesterol, HDL stimulated cholesterol esterification to a lesser extent, to a maximum of 3-fold. Associated with the stimulation of cholesterol esterification by LDL or whole hypercholesterolemic serum was a greater than 10-fold increase in the cholesteryl ester content of the arterial smooth muscle cells.
THERE NOW IS considerable information available describing the metabolic changes that occur in atherosclerotic arterial tissue. 1 These include a number of alterations in the metabolism of proteins, carbohydrates, and lipids within the atherosclerotic artery. Although all of these metabolic changes contribute to the final expression of the disease, it is difficult to know which of them play a primary role in the initiation of the atherosclerotic lesion and which are results of the disease.
The fact that cholesteryl esters accumulate within the atherosclerotic artery has been recognized for some time. 2 As has been shown, an increase in arterial cholesteryl ester content is one of the first changes to occur in the arterial wall in experimentally produced atherosclerosis. This suggests that an alteration of cholesteryl ester metabolism may play a role in the initial events in the pathogenesis of atherosclerosis. 3 Consistent with this hypothesis is the fact that a stimulation of cholesterol esterification can be demonstrated in arterial tissue prior to the appearance of grossly visible atherosclerotic lesions. 3 ' 4 These changes in cholesterol esterification correlate well with changes in the cholesteryl ester content of the atherosclerotic artery. 3 ' 5 Although cholesterol esterification appears to be one of the first metabolic parameters altered in the development of the atherosclerotic lesion, the actual mechanism of this stimulation is unclear. Considerable evidence suggests that it may result from the interaction of circulating plasma lipoproteins with the cellular elements of the arterial wall. 3 "' To study the influence of a single component, such as plasma lipoproteins, on the metabolism of the arterial wall in intact animals is difficult because it probably is impossible to alter one plasma component without also altering another. Thus, systems in vitro must be used to study the interactions of individual plasma components on the cellular elements of the arterial wall.
We have described one such technique, the organ culture system, in which it is possible to demonstrate a stimulation of cholesterol esterification in previously normal arterial tissues by addition of hypercholesterolemic serum or specific lipoproteins to the culture medium. 6 ' 8 This system offers the advantage of using intact arterial tissue, but has the disadvantage of requiring the use of large numbers of animals. In addition, the results often are difficult to interpret, since materials such as lipoproteins, when added to the culture medium, must first diffuse into the arterial segment. Thus, it is impossible to know the true concentration of added materials actually exposed to the cellular elements of the arterial tissue.
With the development of techniques for growing arterial smooth muscle cells in culture 9 it now is possible to study the metabolic interaction of specific lipoproteins on arterial smooth muscle cells. In this report we describe the influence of hypercholesterolemic serum and low and high density lipoproteins on the esterification of fatty acids and cholesterol in arterial smooth muscle cells from rhesus monkey aorta.
Methods

CULTURE OF ARTERIAL SMOOTH MUSCLE CELLS
Segments of thoracic aorta were obtained from normocholesterolemic adult rhesus monkeys (Macaca mulatto) approximately 7-8 years of age. The adventitia and outer one-third of the media were removed carefully under a dissecting microscope and the remaining intimal-medial tissue was cut into approximately 1-mm cubes. Twenty to 30 of these explants were transferred into Falcon tissue culture flasks (75 cm 2 ) containing 5 ml of culture medium.
The culture medium consisted of Eagle's minimum essential medium (MEM) (Auto-Pow), supplemented with Eagle's MEM vitamins, 10% fetal calf serum, 200 HIM Lglutamine, D-glucose (1 mg/ml), penicillin (100 IU/ml), and streptomycin (100 /Mg/ml). All tissue culture supplies were obtained from Flow Laboratories. The flasks were placed in an incubator at 37°C with an atmosphere of 95% air and 5% CO 2 and were allowed to stand upright for 2-3 hours to permit the explants to adhere to the plastic. The flasks then were carefully laid flat and left undisturbed for 4 days at which time 10 ml of fresh culture medium was added. The first outgrowth of cells from the explant was seen after 5-7 days for smooth muscle cells, and somewhat sooner for adventitial fibroblasts. Culture medium was changed three times a week with 20 ml of media at each change and after 2-3 weeks the cells were trypsinized for the first time using 0.05% trypsin and 0.02% ethylenediaminetetraacetic acid (EDTA). Confluent layers of smooth muscle cells from one 75-cm 2 flask containing approximately 3 x 10 6 cells were trypsinized every 7-10 days and divided into three 75-cm 2 flasks, thus effecting a 1:3 split with each passage of cells.
For metabolic experiments cells from one confluent 75cm 2 flask were transferred into five 100-mm tissue culture dishes. After the cells were approximately 80% confluent (approximately I x 10" cells), they were washed with phosphate-buffered saline (PBS), pH 7.4, and 5 ml of culture medium containing lipid-deficient calf serum (2.5 mg of protein/ml) was added. After 24 hours of exposure of the cells to lipid-deficient serum, fresh culture medium was added containing 2.5 mg of protein/ml of lipid-deficient serum plus the test serum or lipoprotein. The cholesterol-1,2-3 H was added at the time of addition of the test medium; the oleate-l-' 4 C substrate was added after various times of incubation with the test medium. Cells were harvested after a time designated in individual experiments. For these experiments cells were used from the 4th to 15th passage with a 1:3 split at each passage. We have observed, however, no loss in the ability of smooth muscle cells maintained through the 30th passage to respond to plasma lipoproteins as described in these studies.
The lipid-deficient serum was prepared by adjusting the density of calf serum to 1.215 g/ml with solid KBr and centrifugation at 15°C for 24 hours at 60,000 rpm in a Beckman 60Ti rotor using a Beckman L2-65B ultracentrifuge. The lipoprotein layer was removed and the lipoprotein-free, infranatant solution was dialyzed exhaustively against PBS and MEM.
Following incubation, cells were rinsed twice with PBS, freed from the dishes with trypsin-EDTA, transferred to 12-ml centrifuge tubes, and washed twice with PBS. Deionized water (1 ml) was added and the cells were disrupted by sonication for 5 seconds at 55 watts, utilizing a Heat Systems model W185 sonifier with a microtip. A sample of this solution was taken for cell protein determination using the method of Lowry et al. 10 with bovine albumin as the standard. Cholesterol-4-l4 C or cholesterol-1,2-3 H (0.02 /LtCi) was added to each tube as a recovery standard, and lipids were extracted using either the method of Folch et al." or that of Bligh and Dyer. 12 Individual lipids were separated by thin layer chromatog-raphy (TLC) and identified and counted for radioactivity as described previously. 6 The cholesterol and cholesteryl ester content of the cells was determined by gas liquid chromatography. 13 All radioactivity values were corrected for losses during extraction and chromatography by means of the recovery standard.
PREPARATION OF SUBSTRATES
Cholesterol-1,2-3 H (200 ixC\, 3.84 jumol) (New England Nuclear) was purified by TLC, dissolved in 50 /il of acetone, and added to 10 ml of a solution of lipid-deficient calf serum in MEM (2.5 mg protein/ml). This was incubated with mild mixing for 3 hours at 37 C C, sterilized through a 0.45-/xm Millipore filter, and stored refrigerated. The cholesterol-1,2-3 H substrate was added to cells at a final concentration of 1 /xCi/ml.
Oleic acid-l-14 C (250 /LtCi; 4.26 /umol) (Amersham/ Searle) and nonradioactive oleic acid (38.2 /nmol) (Applied Science Laboratories) were purified by TLC and dissolved in 5 ml of redistilled 95% ethanol. The oleic acid solution was titrated to a phenolphthalein end point (approximately pH 10) with 1 N NaOH and the ethanol was evaporated under a stream of N 2 at 45°C. To this sodium oleate was added 2.5 ml of a 17% solution of bovine albumin (essentially fatty acid-free, Sigma) and the solution was mixed at 40°C. The final clear solution was stored refrigerated. This solution had a final specific activity of 12,941 dpm/nmol and a molar ratio of fatty acid to albumin of 6:1. Unless otherwise stated, the sodium oleate-1- 14 C substrate was added to cells in culture in a final concentration of 1 /xCi/ml and 0.17 mix.
PREPARATION OF LIPOPROTEINS
Lipoproteins were isolated from rhesus monkeys fed a synthetic diet containing 1.08 mg of cholesterol Cal. 14 The monkeys were fasted overnight and the blood was collected in disodium EDTA (1 mg/ml) and kept on ice during all subsequent procedures. The plasma lipoproteins were separated by the combined ultracentrifagal and agarose column procedure of Rudel et al. 15 Following separation by the column the low density lipoprotein (LDL) and high density lipoprotein (HDL) fractions were concentrated overnight at 4°C by dialysis against approximately 50 vol of 30% sucrose in 0.1% EDTA. The sucrose was removed by dialysis first against 100 vol of PBS and finally against 100 vol of fresh MEM. The lipoprotein solutions were sterilized through a 0.45-/xm Millipore filter and stored refrigerated. Lipoproteins were used, usually within 1 month of isolation. We have stored isolated lipoproteins for several months, however, without observing appreciable loss of their ability to stimulate cholesterol esterification. Similar results have been reported by others. 16 
ELECTRON MICROSCOPY
Smooth muscle cells were also identified by their ultrastructural characteristics. For electron microscopy, cells were grown to near confluency with MEM containing fetal calf serum and scraped gently with a rubber policeman into a glass centrifuge tube. Cells were initially fixed with 1% gluteraldehyde in 0.1 M phosphate buffer, pH 7.4, for VOL. 40, No. 2, FEBRUARY 1977 5 minutes, pelleted, and resuspended in a solution of 2.5% glutaraldehyde for 1 hour at room temperature. The cell pellet was washed twice in 0.1 M phosphate buffer, postfixed in buffered 1% osmium tetroxide, dehydrated through graded solutions of ethanol and propylene oxide, and finally infiltrated with Epon 812. Cells were concentrated in the tip of Beem capsules by centrifugation at l,700g for 10 minutes and the Epon was cured at 70°C for 24 hours at 26 inches of mercury pressure. Thin sections were cut with a diamond knife on a Porter-Blum MT-2 Ultramicrotome. The sections were placed on 200-mesh bare copper grids, stained with a saturated solution of uranyl acetate and lead citrate, and examined and photographed with an RCA EMU-3G electron microscope at 50 kV.
Results
Explants of adventitia from the same aortas from which smooth muscle cells were grown were treated in a similar manner to provide a comparison for the growth and morphology of the smooth muscle cells. Smooth muscle cells were distinguished from adventitial fibroblasts by the longer time required for the outgrowth of cells from the explants and their slower growth rate. In addition, the pattern of growth by smooth muscle cells differed from adventitial fibroblasts. Smooth muscle cells were characterized by continued growth after confluency into foci of cells that piled up into multiple layers. This growth into socalled "hills and valleys" is typical of smooth muscle cells in culture. 17 The ultrastructural morphology of cultured smooth muscle cells was also observed by electron microscopy. Ultrastructural features of smooth muscle cells included numerous cytoplasmic myofilaments with some organized into dense bodies characteristic of smooth muscle cells, micropinocytotic vesicles, and, occasionally, extracellular material resembling basement membrane.
The time course of stimulation of esterification of cholesterol-1 ,2-3 H in arterial smooth muscle cells is shown in Figure 1 . For this experiment, cells were maintained on culture medium containing fetal calf serum up to the time of addition of the specific test media. A stimulation of cholesterol esterification in cells cultured with hypercholesterolemic serum compared with either lipid-deficient or fetal calf serum was evident after approximately 4-8 hours of culture. After 48 hours of incubation the amount of cholesterol esterified in cells exposed to hypercholesterolemic serum was more than 4 times that of those cultured with fetal calf serum and over 20 times greater than those maintained on lipid-deficient serum.
For all of the experiments using cholesterol-1,2-3 H as substrate we have estimated the number of micrograms of cholesterol esterified by dividing the number of disintegrations per minute of cholesteryl ester formed by the specific activity (dpm//xg) of the free cholesterol actually isolated from the same cells from which cholesterol esterification was measured. This procedure provides a correction for differences in the rate of cholesterol uptake and for differences in the specific activity of cholesterol in the culture medium as a result of exchange with nonradioactive lipo-it li 8 I 4 8 24 protein cholesterol. We have used such a technique previously in organ cultures of arterial tissue. 1 ' We assumed that the specific activity of the total free cholesterol of the cells would be a reasonable estimate of the specific activity of the cholesterol available for esterification. For this assumption to be true the specific activity of the cholesteryl esters produced should reflect the differences in the free cholesterol specific activity of the cells once equilibration has occurred between the cellular free cholesterol and the cholesterol-l,2-3 H of the culture medium. Indication that this assumption is valid is shown in Figure 2 . The specific activity of the cellular free cholesterol was expressed as a percentage of the free cholesterol specific activity after 48 hours of incubation. Prior to 8 hours of culture the specific activity of the cholesteryl esters isolated from the cells was considerably less than the specific activity of the free cholesterol of the same cells. After 8 hours of incubation, however, the specific activity of the cholesteryl esters more closely approximated that of the free cholesterol isolated from the same cells. This relationship between the specific activity of the cellular free and esterified cholesterol was not without considerable individual variability, however, as seen by the approximate 20% difference in specific activity of the free and esterified cholesterol isolated from cells after 24 and 48 hours of culture. These differences do not appear to be the result of exposure of cells to different types of sera or lipoproteins but more likely to the analytical error in quantification of the small amounts of cholesteryl esters present in cells from individual culture dishes.
In Figure 3 is shown the number of milligrams of cholesterol and cholesteryl esters that accumulated in arterial smooth muscle cells incubated with hypercholesterolemic serum for up to 48 hours. The cholesteryl ester content of smooth muscle cells averaged approximately 1-2 /xg/mg of 24 Incubation time (hrs.) 48 FIGURE 2 Relative specific activity of free and esterified cholesterol isolated from arterial smooth muscle cells. Cells were grown with culture medium containing fetal calf serum up to the lime of addition of the test sera containing either hypercholesterolemic rhesus monkey serum (0.94 mg cholesterol/ml), fetal calf serum (0.072 mg cholesterolIml), or lipid-deficient serum. Cholesterol-1,2-3 H complexed to lipid-deficient serum was added to the culture medium at zero time and cellular free and esterified cholesterol specific activity was determined after I -48 hours of culture. Results from cultures using the three types of sera were combined because no differences were seen in the relative specific activity of the free and esterified cholesterol from these cells. The specific activity of free cholesterol at 48 hours was expressed as 100%, and the free and esterified cholesterol specific activity for all other time periods was calculated as a percentage of this specific activity. The cholesterol specific activity at 48 hours designated as 100% was 5,678 dpmljxg for the cells incubated with hypercholesterolemic monkey serum; 77,770 dpmlixg for cells incubated with fetal calf serum; and 606,765 dpmlixg for cells incubated with lipid-deficient serum. Each point represents the mean ± standard error of the mean of six replicate cultures. Smooth muscle celts were grown on culture medium containing fetal calf serum and then were incubated for up to 48 hours with culture medium containing hypercholesterolemic rhesus monkey serum (0.94 mg cholesterol Iml). These data were obtained from the same celts as shown in Figures I and 2 . The values for cholesteryl ester represent the number of micrograms of the cholesterol moiety of the cholesteryl esters and not the total micrograms of cholesteryl ester. Each point represents the results from cells of an individual culture dish. esterification of cholesterol and on the free and esterified cholesterol content of arterial smooth muscle cells in culture is shown in Figure 4 . For these studies, cholesterol-1,2-3 H was used as substrate. Cells were maintained on culture medium containing lipid-deficient serum for 24 hours before addition of culture medium containing the cell protein when grown with culture medium containing fetal calf serum. Slightly lower concentrations were found when the cells were maintained in media containing lipiddeficient serum. Incubation with hypercholesterolemic serum resulted in a prompt increase in the cholesteryl ester content of the cells which reached a maximum between 8 and 24 hours. Further duration of incubation resulted in little additional accumulation of cholesteryl esters. Results shown in Figure 3 show a maximum concentration of cholesteryl esters of approximately 10 /xg/mg of cell protein. Although this is typical of these cells we have seen concentrations of cholesteryl esters as great as 30 /ag/mg of cell protein in some experiments.
Addition of hypercholesterolemic serum also results in a small but consistent increase in the free cholesterol concentration of the smooth muscle cells. This enrichment with free cholesterol reached a maximum between 4 and 8 hours of incubation with hypercholesterolemic serum and did not change with additional time in culture. In all experiments the cholesteryl ester concentration never exceeded the concentration of free cholesterol and was typically less than one-half that of the free cholesterol concentration. Results shown in Figures 1-3 lipoproteins to be tested. Addition of LDL to the smooth muscle cells in culture stimulated cholesterol esterification up to 8 times that seen in cells maintained on lipid-deficient serum alone. Results are expressed as a percentage of the lipid-deficient serum controls in order to be able to include the results of two experiments. The maximum rate of stimulation of cholesterol esterification occurred with an LDL cholesterol concentration of up to approximately 0.05 mg/ml. Higher concentrations of LDL produced relatively little additional stimulation in cholesterol esterification. Stimulation of cholesterol esterification was associated with a greater than 10-fold increase in the cholesteryl ester content of the cells from a cholesteryl ester content of less than 1 /ug/mg of cell protein prior to addition of lipoproteins to the culture medium. Addition of HDL to smooth muscle cells in culture was considerably less effective in stimulating cholesterol esterification than an equivalent concentration of cholesterol as LDL. Nevertheless, HDL did stimulate up to a 3-fold increase in the esterification of cholesterol in smooth muscle cells compared to those cells maintained on lipiddeficient serum only. There was, however, virtually no change in the cholesteryl ester content of cells exposed to HDL.
Addition of LDL resulted in a small but consistent increase in the free cholesterol content of the cells, whereas the same amount of cholesterol as HDL produced no change in the cellular free cholesterol content.
We also measured cholesterol esterification in arterial smooth muscle cells in culture by using sodium oleate-1-14 C as substrate. For all of these and subsequent experiments, cells were maintained on culture medium containing lipid-deficient serum for 24-46 hours prior to addition of lipoproteins or hypercholesterolemic serum. The influence of substrate concentration on the rate of incorporation of oleate-l-' 4 C into phospholipids, triglycerides, and cholesteryl esters is shown in Figure 5 . Although an oleate concentration of above 0.04 mM appeared to be saturating for esterification to cholesterol, in most experiments we have used an oleate concentration of 0.17 mM in order to be able to estimate simultaneously the relative rates of incorporation of oleate into phospholipids and triglycerides, as well as esterification to cholesterol.
The time course of incorporation of oleate-l-14 C into phospholipids, triglycerides, and cholesteryl esters is shown in Figure 6 . Esterification is linear for at least 4 hours, and preliminary data suggest that the reaction for esterification to cholesterol may be linear for at least 24 hours.
The influence of oleate concentration and of duration of incubation on the relative incorporation of oleate-1-I4 C into phospholipids, triglycerides, and cholesteryl esters is shown in Figure 7 . Of the total amount of oleate esterified, the largest proportion was incorporated into triglycerides, followed by phospholipids and cholesteryl ester. This distribution was not influenced by substrate concentration (Fig. 7A ). There was, however, a slight increase in the proportion of oleate-l-14 C incorporated into triglycerides and a decrease in the proportion incorporated into phospholipids with increased duration of incubation up to Hi FIGURE 5 Influence of substrate concentration on the esterification of oleic acid in rhesus monkey arterial smooth muscle cells. Cells were grown on culture medium containing lipid-deficient serum for 24 hours prior to addition of the lipoproteins. The culture medium contained 0.1 mg of cholesterol I ml of culture medium as low density lipoprotein (LDL). For the composition of the LDL see the legend for Figure 4 . Oleate-1-' 4 C, in the concentrations shown above, was added to the culture medium for a period of 2 hours after the cells had been exposed to LDL for 24 hours. Each point represents the results from cells of an individual culture dish. 4 hours (Fig. 7B) . In the results shown in Figure 7A , 0.19% of the oleate-l- 14 C was esterified at an oleate concentration of 0.008 mM and this decreased to 0.03% at a concentration of 0.32 mM. At an oleate concentration 0.14 mM, 0.02% of the oleate-l-14 C substrate was esterified at 1 hour and 0.1% at 4 hours (Fig. 7B) .
The time course of stimulation of esterification of oleate-l-14 C upon addition of hypercholesterolemic serum to the culture medium is shown in Figure 8 sistent with those in Figure 1 in which, using cholesterol-1,2-3 H as substrate, the greatest rate of change of cholesterol esterification occurred after 8 hours of incubation with a decrease in the rate of esterification after 24 hours. A similar time course was seen for incorporation into triglycerides but not for incorporation into phospholipids. The effect of LDL and HDL on the esterification of oleate-l-14 C to cholesterol is shown in Figure 9 . As was true with cholesterol-1,2-3 H as substrate, we found that the stimulation of cholesterol esterification by LDL was several times greater than that seen with an equivalent amount of cholesterol as HDL. Cells cultured with HDL, however, did exhibit greater cholesterol esterification than cells maintained on lipid-deficient serum only. In these experiments incorporation of oleate-l-l4 C into phospholipids and triglycerides was increased less than 2-fold that of control cultures containing only lipid-deficient serum and there was no difference in this regard between cells cultured with HDL or LDL. This is shown more clearly in the results presented in Figure 10 . Again, with LDL added to arterial smooth muscle cells in culture there was a specific stimulation in esterification of oleate-l-14 C to cholesterol compared with incorporation into phospholipids and triglycerides.
Discussion
Results from this study clearly demonstrate that cholesterol esterification can be stimulated in arterial smooth muscle cells in culture by addition of either whole hypercholesterolemic serum or isolated LDL. The same concentration of cholesterol as HDL, however, was much less effective in stimulating cholesterol esterification. Stimulation was specific for esterification to cholesterol, as incor- Figure 9 . FFA = free fatty acid. VOL. 40, No. 2, FEBRUARY 1977 poration of fatty acids into phospholipids and triglycerides was influenced only slightly. Although stimulation of cholesterol esterification was considerably less with equivalent amounts of cholesterol as HDL compared to LDL, the stimulation by HDL was significantly greater than in cells cultured with lipid-deficient serum only. Such an effect could have been obtained if the HDL used in these studies was contaminated with LDL. We did not analyze the HDL used in these studies for the presence of LDL or apolipoprotein B; thus, HDL contamination with LDL is a possibility that cannot be completely excluded. However, the extent of the separation of the isolated lipoproteins by agarose chromatography and the presence of a single band migrating on agarose electrophoresis would suggest that if LDL was present it was there in low concentrations.
The response of rhesus monkey arterial smooth muscle cells to lipoproteins is remarkably similar to that of skin fibroblasts. Goldstein et al. 18 and Brown et al., 19 using skin fibroblasts, have shown that LDL stimulates esterification of cholesterol whereas HDL does not. In addition, the maximum rate of esterification of oleate to cholesterol in skin fibroblasts was seen at an oleate concentration of 0.05-0.1 HIM," which is similar to the saturating concentration of oleate found for smooth muscle cells in this study. Somewhat higher concentrations of oleate were necessary to approach maximum velocity for incorporation of oleate into triglycerides and phospholipids of smooth muscle cells. As was true for organ cultures of arterial tissue, 6 oleate was incorporated most efficiently into triglycerides and phospholipids, yet was not stimulated by LDL or hypercholesterolemic serum to the extent seen for esterification to cholesterol.
Cholesterol esterification also can be measured using radiolabeled cholesterol as substrate. After approximately 8 hours of incubation of arterial smooth muscle cells with culture medium containing cholesterol-1,2-3 H, the specific activity of the cholesteryl esters formed approximated the specific activity of the cellular free cholesterol. This suggests that the pool of free cholesterol within the arterial smooth muscle cells from which cholesterol is esterified is in rapid equilibrium with extracellular free cholesterol. This does not mean, however, that there could not be intracellular pools of cholesterol (for example, cholesterol of the membranes of the endoplasmic reticulum) from which cholesterol is preferentially esterified. If the cells are labeled with the cholesterol-1,2-3 H by a process of exchange from the lipid-deficient serum to membranes of the cell, and if this process of exchange is much more rapid than the process of net uptake of cholesterol, then the specific activity of the synthesized cholesteryl esters would be expected to be similar, eventually, to that of the total cellular free cholesterol. Werb and Cohn 20 have shown, for example, that cholesterol exchanges readily, without net cholesterol accumulation, between plasma lipoproteins and cellular membranes in macrophages in culture.
The fact that there are probably cellular pools of cholesterol specific for the regulation of cholesterol metabolism is pointed out by the studies of Bates and Rothblat 21 in which HDL and LDL added to L-cell mouse fibroblasts in culture produced a similar increase in cellular cholesterol concentration, yet only LDL was able to suppress cholesterol synthesis.
Arterial smooth muscle cells appear metabolically similar to skin fibroblasts in a number of ways. 7 Like skin fibroblasts, they appear to have specific binding sites for LDL. Arterial smooth muscle cells from both human beings and rats take up and degrade considerably more LDL than HDL. 22 -23 There are differences, however, in response to lipoproteins from different species. Rat HDL, unlike human HDL, appears to be avidly taken up by arterial smooth muscle cells. 22 The response of smooth muscle cells from rhesus monkeys appears similar to that of human smooth muscle cells in that HDL was much less effective than LDL in stimulating cholesterol esterification, suggesting that HDL was taken up less avidly than LDL. Consequently, smooth muscle cells from human beings may take up larger quantities of lipoproteins than smooth muscle cells from rats. 23 Whether this suggested difference in the response of smooth muscle cells from different animal species plays any role in the known differences in susceptibility to atherosclerosis is unknown. Clearly, both the origin of the smooth muscle cells, as well as the lipoproteins, must be considered carefully in interpreting such studies. The uptake of lipoproteins by arterial smooth muscle cells results in a suppression of the ratelimiting enzyme of cholesterol synthesis (3-hydroxy-3methyl-glutaryl coenzyme A reductase) 7 ' 24 as well as stimulation of cholesterol esterification. The stimulation of cholesterol esterification has been demonstrated in arterial smooth muscle cells from human fetus 7 and now in rhesus monkey smooth muscle cells.
In addition to the stimulation in cholesterol esterification by LDL there is an accumulation of cholesteryl esters within the smooth muscle cells. In rhesus monkey arterial smooth muscle cells maintained in culture with lipid-deficient serum, the cellular cholesteryl ester content is approximately 1 fxg of cholesterol/mg of cell protein. This increased to upward of 10-15 ^.g of cholesterol/mg of protein as cholesteryl ester with addition of LDL or hypercholesterolemic serum to the culture medium. A similar increase in cellular cholesteryl ester content has been described in skin fibroblasts 25 and in smooth muscle cells grown from primary explants of rabbit aorta 26 as well as in organ cultures of pigeon aorta. 6 Thus, the response to LDL in both a stimulation of cholesterol esterification as well as accumulation of cholesteryl esters is not just a peculiarity of cells in culture.
From these and other studies it is not clear to what extent the cholesteryl esters that accumulate represent buildup of cholesteryl esters from LDL or cholesteryl esters resulting from the stimulation in cholesterol esterification. In patients with cholesteryl ester storage disease, a defect in lysosomal cholesteryl ester hydrolase, there is an accumulation of cholesteryl esters within lysosomes of a fatty acid composition similar to the cholesteryl esters of LDL, i.e., rich in cholesteryl linoleate. 27 Atherosclerotic arterial tissue, however, accumulates cholesteryl esters rich in oleic acid, 28 suggestive of newly esterified cholesterol. 3 -29 Thus, in the atherosclerotic artery, the binding and degradation of plasma lipoproteins by arterial smooth muscle cells appears to proceed normally, as does the stimulation of cholesterol esterification. The removal of these newly synthesized cholesteryl esters, however, appears to proceed at a rate insufficient to handle those that are being synthesized. Whether this is a deficiency in the lysosomal cholesteryl ester hydrolase, as has been proposed by some, 30 or in some other removal mechanism for newly esterified cholesterol is unclear.
There appears little doubt that the metabolic alterations occurring in arterial smooth muscle cells as a result of the interaction with plasma lipoproteins play an important role in the initial events in the pathogenesis of atherosclerosis. The interaction of lipoproteins with the arterial wall, and the resultant metabolic changes, could be influenced both by changes in the lipoproteins themselves as well as by metabolic differences in the cellular elements of the arterial wall. Genetic and dietary factors known to alter the concentration and composition of circulating lipoproteins 31 may affect their interaction with the arterial wall. Similarly, genetic factors may act at the level of the arterial wall to alter the response of the cellular elements to normal concentrations of lipoproteins. Either of these changes would be expected to influence the development of atherosclerosis.
